. From the very beginning it has been speculated that lattice defects might play a significant role. These effects can potentially be amplified when these materials are grown in thin film form, due to strain and interface effects. With low-energy µSR (LE-µSR) we studied various amorphous thin films of alkaline earth hexaborides MB 6 (M=Ca, Sr, Ba) grown on Al 2 O 3 . Furthermore, we studied the starting materials which were used for the pulsed laser deposition (PLD) targets for the films with bulk µSR to ensure the quality of these powders. Similar to the results in Ref.
Introduction
The material class of the hexaborides, MB 6 , contains a very rich variety of interesting physical properties. They crystallize in the cubic CsCl structure where the B 6 molecule forms a large divalent anion (see Fig.1 ). In the rare-earth hexaborides 4 f -electron physics plays an important role and particularly in CeB 6 [7] [8] [9] and SmB 6 [10] valence fluctuations lead to dense Kondo lattice physics. Whereas the rare-earth hexaborides have been studied extensively because of their strong electronic correlations, the alkaline-earth hexaborides, MB 6 , M = Ca, Sr, Ba, came under more scrutiny when Young and co-workers [4] reported the presence of high-temperature weak ferromagnetism in La doped CaB 6 . This result is surprising with none of its constituents having partially occupied d or f shells, which typically would rule out magnetic correlations. However, in the past decade a variety of compounds with similar properties have been reported [1] [2] [3] [4] [5] [6] [11] [12] [13] [14] [15] . This phenomena has been coined as "d 0 -magnetism". Up to this date there is no full consensus reached on the mechanism leading to this weak ferromagnetism. A crucial ingredient seems to be defects or grain boundaries which can 1 serve as spin polarized centers and at the same time provide the necessary charge to form impurity bands which can couple these complexes. Therefore, one could assume that amorphous compounds should show clearer and more reproducible d 0 -magnetism. Indeed, thin defect-rich amorphous MB 6 films show a stronger and much more robust ferromagnetic-like behavior [11, [13] [14] [15] . 
Experiments and Results
Here we will report on our µSR study on bulk-MB 6 powder samples and amorphous MB 6 thin films, with M = Ca, Sr, Ba. The bulk-MB 6 powder samples were the starting material for the MB 6 thin films. The thin films were grown by pulsed-laser deposition (PLD). Details about the sample preparation and characterization can be found in Refs. [13] [14] [15] . Fig. 2 shows typical RT magnetization curves for 100nm thick films studied here. The "strong magnetic" sample shows the typical signature found in all d 0 -magnetism compounds, i.e. an almost negligible hysteresis is observed. Similar magnetization results were obtained also for CaB 6 and SrB 6 films.
All µSR and LE-µSR experiments were carried out at the SµS facility of the Paul Scherrer Institut in Switzerland. In order to search for weak magnetic signatures in the hexaborides, zero field (ZF) and longitudinal field (LF) µSR measurements were carried out. Fig. 3 shows typical ZF and LF µSR time spectra for SrB 6 bulk powder. The curves in the left panel of Fig.3 are fits to a dynamic Gaussian Kubo-Toyabe function, G KT z , [16, 17] ,
where A 0 is the instrumental asymmetry, P(t) is the muon spin polarization of the ensemble, σ = γ µ ∆ G , with γ µ the gyromagnetic ratio of the muon, and ∆ G is the second moment of the static magnetic field distribution at the muon site. ν is the fluctuation rate of the magnetic field distribution, and • C. The black dots show a typical anhysteretic magnetization curve of a "strong magnetic" film grown at 500
• C. For both films the same starting BaB 6 PLD target has been used. ω = γ µ B ext with B ext the externally applied magnetic field. A careful inspection of the left panel of Fig. 3 reveals that A 0 P(t) for an applied field of B ext = 70G does not follow the functional dependence of G KT z (t; σ, ν, ω). The reason is that one finds in all the hexaborides a strong quadrupolar level crossing resonance (QLC) [5, 12, 18] in the field range between B ext = 50 . . . 100G, depending on the temperature. This is a complication which needs to be taken into account for the interpretation of the results. The right panel of Fig. 3 shows the T = 200K ZF and LF time spectra which are very close to an exponential function. This means that either there are strong magnetic fluctuations present, or the muon is strongly diffusive at T = 200K, at least in SrB 6 . Indeed, in the fast fluctuation limit [17] 
with the relaxation rate, λ, being Fig. 4 shows the ZF and LF time spectra for the "strong magnetic" BaB 6 thin film. Two sets of measurements were carried out, one with the muon spin parallel and one with the muon spin anti-parallel to the applied field. The data are then simultaneously fitted to Eq.(1). This allows to minimize any potential systematic errors in the LE-µSR LF measurement. We find in none of the thin film hexaborides any significant energy dependence, i.e. the films are homogeneous across their thickness. Fig. 5 shows the QLC resonance as obtained from the time-differential µSR data. For B ext ≳ 25G the decoupling is effective and the asymmetry can be approximated by 
where Λ should not be confused with λ from Eq.(2).
Discussion
In order to discuss the results it is essential to quantify the nuclear dipolar contribution. For MB 6 the dominant dipolar contribution originates from boron with its two isotopes 10 B, 19.9%, I = 3, 10 γ = 2.87 · 10 7 rad/(Ts), and 11 B, 80.1%, I = 3/2, 11 γ = 8.85 · 10 7 rad/(Ts). The muon site in the hexaborides has been carefully determined experimentally by A. Schenck and co-workers [7] . One finds a single µ + -site which is the d-site in the crystal structure shown in Fig. 1 . This allows to calculate the zero field Van Vleck contribution of the nuclear dipole fields which is given by [17] 
For the given µ + -site Eq.(5) yields a value of σ dip = 0.34 µs −1 for all the hexaborides considered here. If any additional electronic magnetic contributions are present, the total static width will be
In Ref. [5] the authors analyzed MB 6 (M = Ca, Ba) with a two-component model, one for a volume fraction where a magnetic contribution is present, and one where it is absent. Trying to follow this approach did not work for our data since we always found a magnetic volume fraction close to unity, this for all temperature, as well as for the bulk powders and thin films. Inspecting the correlation matrix of the fitting parameters shows far too strong correlation between the parameters. Therefore we analyzed all the data with a single component approach as described in the previous section. We find that σ [see Eqs. (1-3) ], for each sample set, is temperature independent within the error bars. Therefore we applied a global fit to all temperature to obtain the values presented in Tab.I. As already stated in Sec. 2 we exlcuded the field range of the QLC resonance from this analysis. In the discussion so far we excluded the dynamics which originates either from muon diffusion and/or fluctuations of the electronic magnetic moments. Fig.6 is the collection of all relevant data for ν versus temperature. The BaB 6 and SrB 6 powder samples show a very strong temperature dependence of ν. This suggests that muon diffusion is taking place almost in the full temperature range studied. Surprisingly, CaB 6 shows an essentially temperature independent ν behavior. Note, our CaB 6 data are in conflict with the findings of Refs. [5, 12] , suggesting that defects and grain boundaries might play an important role in the mobility of the muon. This is further supported by looking at the thin film results for which ν(T ) is essentially temperature independent coinciding with the CaB 6 bulk powder results. Since the thin films are grown intentionally amorphous, defect rich to maximize the magnetic moment (see Fig.2 and Ref. [13] ), it is not surprising that the muon diffusion is strongly suppressed. Yet, a persistent dynamics is found down to the lowest measured temperature of about 1 µs −1 likely to be different in origin than muon diffusion, and hence could be caused by electronic magnetic moment fluctuations.
In summary we find in hexaboride bulk powder samples and amorphous thin films signatures of weak magnetism with an upper limit of ≃ 3 · 10 −3 µ B /B and likely residual dynamics in the whole temperature regime, at least for the thin films. The films show a systematically higher magnetic contribution by about 10%-20% compared to the bulk.
